X-ray Absorption Near Edge Structure (XANES) and Rutherford Backscattering Spectroscopy (RBS) were used to explore the structural phase and composition transitions of ultrathin films with Ti (1-x) Zn 2x O 2 stoichiometries, from very 10 low (~0.5 at.%) to high (~25at.%) titanium content. In this way, the coordination chemistry of Ti 4+ and Zn 2+ cations was examined for a wide range of oxide compositions.
used to enhance the n-type conductivity of ZnO films [5] [6] [7] [8] [9] [10] [11] . Fewer studies have been performed on quadrivalent dopants as titanium, which have one more valence than the trivalent cations and can provide two free electrons per atom to improve the conductivity of the ZnO host. In particular the Ti 4+ cation has a slightly smaller 30 radius (6.8 nm) than Zn 2+ (7.4 nm) and, thus, it can act as a suitable donor in ZnO films. Some authors have reported an enhancement of the conductivity in Ti-ZnO (TZO) films for low titanium content (<1.5 at%) [12] [13] [14] [15] [16] . However, the conduction mechanism of the metal-semiconductor transition in Ti-doped 35 ZnO is still unclear [17] [18] . In turn, ZnO-TiO 2 mixed oxides have been widely studied to be used as gas sensors [19] [20] , antireflective coatings in solar cells [21] [22] , in photocatalytic and self-cleaning applications showing an improved photocatalytic activity and an extended absorption 40 threshold towards the visible range 23 and, more recently as promising candidates as high frequency dielectric materials [24] [25] or novel luminescent phosphors 26 . The mechanisms driving the formation of the three different zinc titanate compounds in the ZnO-TiO 2 system, namely, zinc ortho-titanate Zn 2 TiO 4 (cubic 45 inverse spinel crystal structure with a unit cell a = 0.846 nm), zinc meta-titanate ZnTiO 3 (either cubic inverse defect spinel, a = 0.840 nm or hexagonal ilmenite structure, a = 0.507 nm) and Zn 2 Ti 3 O 8 (cubic inverse defect spinel, a = 0.843 nm) are still under debate 27-29 . 50 Despite the extensive studies performed on the individual TZO and ZnO-TiO2 systems in areas such as photovoltaics, photocatalysis or optoelectronics, there is a lack of a systematic work to fully understand how the Ti incorporation takes place in the ZnO oxide structure either as dopant or to form mixed oxides.
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In particular, one of the current technological challenges is the elucidation of such mechanism for nanostructured and ultrathin films due to the size-dependent electronic and optical properties of these semiconductor materials, as discussed in ref. 16 O at that particular energy and, therefore, to improve the sensitivity to oxygen. The chemical composition values have been extracted using the RBX software 34 . The X-ray Absorption Near Edge Structure (XANES) measurements were done at the PM4 beamline of the Bessy II 95 synchrotron facility (Berlin, Germany), using the SurICat endstation. The XANES spectra were recorded in the total electron yield (TEY) mode by registering the current drained to ground from the sample. The latter was normalized to the current from a gold-coated grid located upstream in the x-ray beam path. content, which were deposited using relative target powers of P Zn /P Ti = 100/40 W and 10/100 W, respectively (see Table 1 ). Pure ZnO and TiO 2 reference spectra are also plotted in Figure  1B for comparison purposes. In Figure 1A the Ti L-and O Kedges are presented, together with zinc's second order signal.
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Figure 1B displays the RBS spectra (experimental data and the global fit results) with a zoom out (x20) of the area where the metal elements are observed (E = 2000-2500 keV). Both techniques are suitable to detect low metal contents in the deposited ultrathin films. Quantification of the elemental 15 composition of all samples by XANES and RBS is summarized in Table 1 , where the relative target power is also indicated. In general, there is a good agreement between the quantification by both techniques, taking into account that RBS quantifies the whole film, whereas XANES only maps the outermost ~5nm 20 region. Figure 2 shows the variation of the titanium atomic content (%) in the films obtained by XANES (open circles) and RBS (close circles). For the sake of simplicity, we will use the composition as measured by RBS in the discussion of Figure 2 .For the 25 samples deposited with a fixed P Ti = 100W and P Zn < 60 W, there is an abrupt decrease of the titanium content from ~30 ± 1 at% down to ~4.0 ± 0.5 at.%. For higher Zn cathode powers the amount of titanium remains fairly constant around 2.0 at%. In case of samples deposited with a constant Zn cathode power P Zn 30 = 100W, the titanium content slightly and linearly increases with the Ti cathode power from 0 to 2.4 at.%. As a whole, regardless of the cathode power, the Ti concentration 35 in the films stays always below 7 at.%, except for the one deposited with P Zn /P Ti = 10/100W. These observations are consistent with a low solubility of Ti in ZnO, until it precipitates as a zinc titanate phase for the lowest power of the Zn cathode (see XANES below). Next, we will elucidate how these changes 40 observed in the composition of the samples are reflected in the bonding structure of the formed compounds. 35, 36 . Ti (2p)~1 at.% Ti
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In case of anatase TiO 2 , Ti L-edge peaks (a,b) and (c,d) correspond to the (t 2g , e g ) sublevels in the L 3 -and L 2 -edges, respectively, where the characteristic peak b splitting arises from strong distortion of the Ti 4+ octahedral symmetry 37 . Spectrum (1) shows that, for a Ti content of 22 at.% in the films, the Ti L-edge 5 is similar to pure anatase TiO 2 . However, the considerably smaller b splitting in sample (1) indicates a higher octahedral symmetry compared to anatase, which is typical of titanate phases 37 . Moreover, the Zn L-edge of spectrum (1) exhibits 4 features distinctive of a zinc sulphate like structure (isostructural 10 to Cu 2 SO 4 ), which are labelled e-h in the reference spectrum. Zn 2+ cations are thus coordinated to oxygen in octahedral symmetry, with a coordination number of 6. These observations suggest that sample (1) has a hexagonal h-ZnTiO 3 ilmenite type structure formed by ZnO 6 and TiO 6 octahedrons. Zn L-and O K- 15 edges of zinc spinel compounds 38, 39 are completely different to spectra (1), excluding the formation of other known zinc titanate phases with inverse spinel structure (e.g. cubic ZnTiO 3 or Zn 2 TiO 4 ). Furthermore, the O K-edge lineshape is consistent with an ilmenite-like structure 40 41 . Table 1 ). Anatase TiO2 and wurtzite ZnO thin films grown with the same sputtering setup are included, together with the Ti L-edge XANES spectrum of barium orthotitanate (Ba2TiO4) 35 and the Zn L-edge XANES spectrum of zinc sulphate (ZnSO4) 36 .
For a considerably lower Ti content of 6.6 at.% (spectrum (2)), the Zn L-edge XANES spectrum is now quite similar to w-ZnO, 35 but still exhibits weak hints of the e-h features from ZnO 6 octahedrons. Besides, the significant narrowing and a downwards energy shift of peak b in the Ti L-edge of spectrum (2) points to a further reduction of the octahedral distortion and of the resulting crystal field splitting (related to the a-b peak separation) 37 . Again, a gradual modification of the Ti site geometry from octahedral to tetrahedral symmetry and the consequent reduction in the coordination number from 6 to 4. The same transformation has been reported for the Ti L-edge XANES spectra of BaTiO 3 (octahedral symmetry) and Ba 2 TiO 4 (tetrahedral symmetry) 35 . At 55 this point, we cannot entirely exclude the formation of 5-coordinated square pyramidal Ti species (e.g. a fresnoite structure 42 ) in this transition from high to low Ti content in the TZO films. The Zn L-and O K-edges of spectra (3)- (5) 
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we observe again a splitting of peak b for the lowest Ti concentration (0.5 at.%) that may be related with a distortion of the tetrahedral Ti 4+ coordination symmetry due to differences in the Ti-O and Zn-O bond distances. A preliminary study of the electrical properties of the TZO films 5 was carried out with the four-point probe method. As reference value, the undoped ZnO sample has a resistivity of 1.52 ·cm Interestingly, the TZO coating with a 0.5 at.% Ti concentration gave a lowest resistivity of 4.5x10 -2 ·cm. Thus, the optimum behaviour of Ti as an electrical dopant takes place for 10 concentrations below 1 at.%. A similar behaviour, but with a Ti load threshold of 1.3 at.%, has been reported for 500nm 16 43 . According to the above exposed, ZnO samples doped with a 0.5at.% of Ti and thicknesses down to 10nm may be suitable for electronic and optoelectronic devices, 25 solar cells, photoelectrodes, photocatalysts or sensors.
Conclusions
Ultrathin films with Ti (1-x) Zn 2x O 2 (0<x≤1) compositions were deposited at room temperature by DC reactive magnetron 30 sputtering on (100) Si wafers. We observe a transition from octahedrally coordinated Zn 2+ in a h-ZnTiO 3 like structure to the expected tetrahedral symmetry in the w-ZnO matrix of TZO films. Regarding Ti 4+ , a similar change from octahedral to tetrahedral sites is detected in the transition from h-ZnTiO 3 to 35 TZO coatings. Therefore, Ti is incorporated as dopant by substituting Zn atoms in the wurtzite ZnO structure. The optimum Ti doping was found to be 0.5at.%, for which the TZO sample showed a much lower resistivity than the more insulating ZnO films. 
